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bstract
Surge voltage distribution across a HV transformer winding due to appearance of very fast rise time (rise time of order 1 s)
ransient voltages is highly non-uniform along the length of the winding for initial time instant of occurrence of surge. In order
o achieve nearly uniform initial time instant voltage distribution along the length of the HV winding, investigations have been
arried out on transformer model winding. By connecting similar type of metal oxide varistors across sections of HV transformer
odel winding, it is possible to improve initial time instant surge voltage distribution across length of the HV transformer winding.
ransformer windings with α values 5.3, 9.5 and 19 have been analyzed. The experimental studies have been carried out using high
peed oscilloscope of good accuracy. The initial time instant voltage distribution across sections of winding with MOV remains
early uniform along length of the winding. Also results of fault diagnostics carried out with and without connection of MOVs
cross sections of winding are reported.
2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction
Transformers are one of the most expensive equipment used in power transmission systems. Power transformers in
ervice are subjected to internal overvoltages and atmospheric overvoltages. The lightning surge and internal overvolt-Please cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
ges which are due to circuit breaker switching effects, are the transient overvoltages. The atmospheric overvoltages
xist for a relatively short duration of time (generally of the order of few hundred microseconds) and are caused by
irect lightning strokes on HV power transmission lines or due to electrostatic induction caused by lightning strokes
∗ Corresponding author at: Department of Electrical & Electronics Engineering, Acharya Institute of Technology, Bangalore 560107, Karnataka,
ndia.
E-mail addresses: kusumadevigh@gmail.com, kusumadevi@acharya.ac.in (K. G.H.), grgurumurthy@yahoo.com (G. G.R.).
Peer review under the responsibility of Electronics Research Institute (ERI).
http://dx.doi.org/10.1016/j.jesit.2016.08.001
314-7172/© 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ARTICLE IN PRESS+ModelJESIT-109; No. of Pages 10
2 K. G.H., G. G.R. / Journal of Electrical Systems and Information Technology xxx (2016) xxx–xxxFig. 1. Schematic diagram of HV transformer model consisting of HV winding, LV winding and shield.
to ground (grounded objects). Lightning overvoltages have very fast rate of rise of voltage and reach peak values in
times of order of 1 s or lower. Such fast rate of rise of voltage can cause high voltage stresses across transformer
winding insulation (i.e. insulation between turns and also winding points to ground) because of non-uniform voltage
distribution along length of winding (Blume et al., 1952; Vasutinsky, 1962; Heller and Veverka, 1968; Greenwood,
1971). Therefore it is of great importance to make the voltage distribution along the length of winding as uniform as
can be practically achievable.
In earlier year, this was achieved by use of static end rings provided at line terminal of HV winding of transformer.
Other methods that were employed for making the voltage distribution more uniform is by increasing series capacitance
of the winding (Cs) by suitably interleaving the winding or by decreasing winding capacitance to ground (Cg) using
shielding to the transformer winding. Few recent investigations have shown that, because of excellent surge protection
performance capabilities, a suitably designed MOV can be used across sections of power transformer HV winding
to improve the voltage distribution along the length of winding (Kuffel et al., 2000; Ansari et al., 2009). The voltage
distribution along the length of HV winding of transformer is mainly dependent on α value (square root of the ratio
of total ground capacitance to total series capacitance of the winding) of the winding. Experiments have been carried
out on transformer model winding with and without MOV connected across HV transformer winding for different
values of α. The α values considered for the analysis are 5.3, 9.5 and 19. The experiment is conducted using Tektronix
oscilloscope model no. Tektronix TDS1002B.
2. Transformer model winding
A new representative transformer model has been built, which consists of LV winding & HV winding. HV winding
consists of 24 sections. For very fast rise time surge voltage studies, model can be represented as consisting of air core.
The end of LV winding is connected to metallic shield. The insulation between winding to ground and between sections
of winding is represented by lumped capacitances connected externally (Heller and Veverka, 1968) between sections
of windings [representing insulation between turns and sections] and capacitances connected between terminals of
sections to ground [representing insulation between sections to ground]. This arrangement is for representation of HV
winding. MOVs are connected across each section of the winding.
A schematic arrangement of the model transformer winding is shown in Fig. 1. The end of LV winding is providedPlease cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
with cylindrical shield. Over the cylindrical shield helical LV winding is wounded after providing proper insulation
between LV winding and shield. A suitable gap is provided between HV winding sections and LV winding. HV winding
is wound consisting of 24 sections and each section having equal number of turns. Suitable lumped values of series and
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Fig. 2. Surge current test generator for testing metal oxide varistors [95/14].
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hunt capacitances are connected between terminals of the sections of winding and also between terminals of sections
o ground as shown in Fig. 2. The values of Cg and Cs are selected appropriate to α value chosen (Ansari et al., 2010;
rover, 1962; Dick and Erven, 1978; Malewski and Poulin, 1988; de Leon and Semlyen, 1994).
. Surge current and surge voltage generator for experiments
.1. Circuit for surge current generator
An impulse current generating circuit (approximate current wave shape, front time = 8 s and tail time = 20 s) was
uilt for measuring K and β values of MOVs (Kuffel et al., 2000). The circuit for surge current generator is shown
n Fig. 2. The voltage ‘V’ across a varistor when passing a surge current of magnitude ‘I’ is given by the equation
= KI, where K and β are suitable constants.
The type specification of varistors selected for experiments was 95/14 [95 V voltage rating and 14 mm diameter].
he varistor sample to be tested was connected between test object terminals of impulse current generator (Fig. 2). The
urrent through the test object was measured by measuring voltage across known value of non inductive resistance.
y measurements of current through test object and corresponding voltage across test object, the values of K and β
ave been calculated. The voltages and currents were recorded using a high speed oscilloscope [Tektronix TDS1002B]
hich facilitated measurements.
.2. Standard lightning impulse voltage generator [1.2/50 μs wave shape]
A standard lightning impulse voltage generator was built which delivers output voltages of magnitude in the rangePlease cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
f 1–5 KV peak and 1.2/50 s wave shape [as per Indian Standard Specification]. The circuit diagram is shown in
ig. 3. This was capable of delivering required output voltage magnitude across HT and ground terminals [Winding
eutral Grounded] with MOVs connected across 24 sections of model winding.
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0.125 0.25 0.375 0.5 0.625 0.75 0.875Fig. 4. Voltage distribution along the length of winding obtained with and without MOV across sections of winding for α = 9.5. Brown: without
MOV, blue: with MOV and linear distribution.
4. Experimental results
4.1. Voltage distribution along the length of the winding
Fast rise time surge voltage distribution along the length of the winding has been measured by applying the surge
voltage at line terminal with each section of the model winding connected with (95/14) metal oxide varistors. The
experiments have been carried out on transformer model winding with LV winding input terminal kept open. Other
terminal connected to ground. Experiments have been conducted for ‘α ‘ values 5.3, 9.5 and 19. Fig. 4 shows the
experimental results of voltage distribution for α = 9.5 with (95/14) metal oxide varistors connected across 24 sections
of winding.
Also shown in the figure are linear distribution and distribution obtained without metal oxide varistors. It is observed
from the figure that the voltage distribution for very fast rise time surge voltages appearing at line terminal obtained
with MOV’s connected across each section of winding is enormously improved as compared to the voltage distribution
without metal oxide varistors (Kusumadevi and Gurumurthy, 2014).
4.2. Fault diagnostics
It is possible that the very fast rise time high voltage surges appearing at HV line terminal can cause failure of the
winding. Generally insulation failure between winding to ground can be identified by changes occurring to the transient
voltage waveform as a consequence of fault. However, in case of failure of insulation between turns & sections of
winding, fault detection may be difficult due to intricacies involved in recording of measurement parameters.
In order to investigate insulation failure between turns & sections of the winding, experimental studies have been
performed on a HV winding of model transformer with and without MOV’s connected across sections of winding. Both
neutral current and transfer surge methods have been used for fault diagnosis. These experiments have been performed
on HV winding of model transformer for α value 5.3, 9.5 and 19.
4.3. Neutral current method of fault diagnostics
With very fast front time high voltage applied at line terminal (1.2/50 s wave shape), neutral current records
have been obtained with different values of resistance connected between neutral and ground terminals. The values of
resistance used are 11.3 and 56.6 ohms.
The oscillographic records of neutral current without MOV across sections consisted of many oscillatory peaksPlease cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
[Fig. 5].
We observe from Figs. 5, 6, 9 and 10 that the percentage difference in peak values of neutral current for α = 9.5
without MOV and R = 11.3  is ranging from 0 to 16.6% for occurrence of fault at different positions along length
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Fig. 5. Neutral current waveform without MOV without fault for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1 KV, (2) current
waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
Fig. 6. Neutral current waveform without MOV with fault (6–7 shorted) for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1 KV,
(2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
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Rig. 7. Neutral current waveform with MOV without fault for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1.91 KV, (2) current
aveform 1 cm = 1.76 A, horizontal axis: 1 cm = 25 s.
f winding (25%, 50% & 75%). Also time difference of occurrence of fault for 1st peak is of the order 10%. For
= 56.6 , the, difference in time of occurrence of 1st peak is up to 5.8% only.
We also observe from Figs. 7, 8, 11 and 12 with MOVs connected across all the sections of the windings, the
ercentage difference in peak values of neutral current for α = 9.5 with MOV and R = 11.3 , is ranging from 0 to
1.11% for occurrence of fault at different positions along length of winding. Also time difference of occurrence of
ault for 1st peak is of the order 20%. For R = 56.6, the difference in time of occurrence of 1st peak is up to 4% only
Kusumadevi and Gurumurthy, 2015).Please cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
Results of the experiments conducted for α = 5.3 & 19, for both the values of neutral to ground resistance, have
hown that with increase in the value of neutral to ground resistance, time of occurrence of fault has changed and
ifference in time of occurrence of 1st peak for α = 5.3 is up to 6% for R = 11.3 , where as it is up to 3.5% only for
= 56.6 .
Please cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
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Fig. 8. Neutral current waveform with MOV with fault (6–7 shorted) for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1.91 KV,
(2) current waveform 1 cm = 1.76 A, horizontal axis: 1 cm = 25 s.
Fig. 9. Neutral current waveform without MOV without fault for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV, (2)
current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
Fig. 10. Neutral current waveform without MOV with fault (6–7 shorted) for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV,
(2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
Fig. 11. Neutral current waveform with MOV without fault for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.91 KV, (2) current
waveform 1 cm = 880 mA, horizontal axis: 1 cm = 25 s.
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Fig. 12. Neutral current waveform with MOV with fault (6–7 shorted) for α = 9.5,R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.91 KV,
(2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 25 s.
Fig. 13. Transferred surge waveform without MOV without fault for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1 KV, (2) current
waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
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iig. 14. Transferred surge waveform without MOV with fault (6–7 shorted) for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1 KV,
2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
.4. Transferred surge method of fault diagnostics
The waveforms of transferred surge current, without MOV across sections, are shown in Figs. 13, 14, 17 and 18. From
hese recorded waveforms, the percentage difference in 1st peak value with and without fault, for α = 9.5, R = 11.3 
s about 3.45% and time difference with fault for 1st peak is about 8%. For R = 56.6 , percentage difference in time
f occurrence of fault for 2nd peak is about 3.8%.
In transferred surge method with MOV across sections shown in Figs. 15, 16, 19 and 20 it was found that thePlease cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
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ercentage difference in 1st peak value with and without fault, for α = 9.5, R = 11.3  is about 3.3% and time difference
ith fault for 1st peak is about 16%. For R = 56.6 , percentage difference in time of occurrence of fault for 1st peak
s about 10% (Kusumadevi and Gurumurthy, 2015).
Please cite this article in press as: G.H., K., G.R., G., Experimental studies on power transformer model winding provided with
MOVs. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.001
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Fig. 15. Transferred surge waveform with MOV without fault for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV, (2)
current waveform 1 cm = 1.76 A, horizontal axis: 1 cm = 10 s.
Fig. 16. Transferred surge waveform with MOV with fault (6–7 shorted) for α = 9.5, R = 11.3 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV,
(2) current waveform 1cm = 1.76 A, horizontal axis: 1 cm = 10 s.
Fig. 17. Transferred surge waveform without MOV without fault for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV, (2)
current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
Fig. 18. Transferred surge waveform without MOV with fault (6–7 shorted) for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform
1 cm = 1.913 KV, (2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 10 s.
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Fig. 19. Transferred surge waveform with MOV without fault for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV, (2)
current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 25 s.
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oig. 20. Transferred surge waveform with MOV with fault (6–7 shorted) for α = 9.5, R = 56.6 . Vertical axis: (1) voltage waveform 1 cm = 1.913 KV,
2) current waveform 1 cm = 880 mA, horizontal axis: 1 cm = 25 s.
. Conclusions
The experimental investigations carried out on a transformer model winding for α values 5.3, 9.5 and 19 and
or appearance of lightning impulse voltage at the line terminal of model winding have given rise to the following
onclusions:
1) Surge voltage distribution along length of a HV transformer winding due to appearance of very fast rise time (rise
time of order 1 s) transient voltages is highly non-uniform along the length of the winding during initial time
instant of occurrence of surge voltage. By connecting similar varistors (same value of K and β) across all sections
of the transformer winding, the initial time instant duration voltage distribution along the length of winding can
be made very nearly uniform.
2) When fault occurs in the winding, generally there is appreciable change in magnitude of peak value or time of
occurrence of peak value of oscillations on the neutral current and transferred surge current waveforms. However,
in many instances change in magnitude of peak value or time difference for occurrence of peak values for with
and without fault may not be considerable. Fault diagnostics in such cases require recording instruments that are
capable of accuracy of measurements to +/ 1% or better.
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